We used chemical data (3,907 lakes) and phytoplankton biomass (chlorophyll a) data (225 lakes) from Swedish lake monitoring programs to assess the effects of atmospheric nitrogen (N) deposition on nutrient limitation and phytoplankton biomass in unproductive Swedish lakes. There was a clear north-south gradient of increasing lake concentrations of dissolved inorganic nitrogen, which was related to the pattern of atmospheric N input. On the basis of positive relationships between total phosphorus (P) concentrations and phytoplankton biomass we conclude that lakes in areas of enhanced N deposition are mainly P limited during summer. This relationship was not detected in lakes in pristine areas with low N deposition, which, together with experimental evidence from the literature, suggest possible N limitation. During summer, lakes in high N-deposition areas had clearly higher phytoplankton biomass relative to the total phosphorus concentrations compared to lakes in low N-deposition areas. Thus, in Swedish unproductive lakes, high atmospheric N input is reflected by increased lake concentrations of dissolved inorganic nitrogen and, possibly, by a shift from natural N limitation of phytoplankton to P limitation. Our results also reveal that increased N input has caused a eutrophication with higher phytoplankton biomass as the result.
Increased atmospheric deposition of nitrogen (N), as a result of anthropogenic activities such as fossil fuel combustion and agricultural fertilizer application, is a common phenomenon in large areas of the world. The global rate at which reactive nitrogen is produced has doubled during the last century, which has led to an increased amount of excess nitrogen in nature (Galloway and Cowling 2002) . Most aquatic research related to N deposition has concerned acidification of freshwater ecosystems. However, N is not only an acidifying component in freshwater ecosystems; it is also a nutrient, which together with phosphorus (P) regulates the growth of phytoplankton in lakes (Wetzel 2001) . N limitation can be expected when the ratio of bioavailable N to bioavailable P on a mass basis is lower than 7:1, which is the mean ratio of N and P in phytoplankton nutrient demand (Redfield 1958) . Thus, increased atmospheric sources of N, and especially the inorganic forms, can affect the N : P ratio of lakes and the balance between limiting nutrients. If lakes were N-limited in their natural state, excess input of N may cause a eutrophication.
Increased N loading due to atmospheric deposition has not been regarded as a eutrophication process since P is generally thought to be the most limiting factor to phytoplankton growth in northern temperate lakes. The concept of lakes being almost exclusively P-limited is to a large extent based on the results from whole-lake nutrient enrichment experiments conducted at the Experimental Lakes Area in Ontario, Canada (Schindler and Fee 1974; Schindler 1977) , and on the positive relationships found between P loading and biomass of phytoplankton in mainly eutrophic lakes (Vollenweider 1968; Schindler 1978) . However, there are several reasons to question the generality of the P-limitation concept when discussing unproductive northern temperate lakes. There is increasing evidence that phytoplankton in natural unproductive lakes, situated in more pristine areas with low N deposition, can be N-limited (Jansson et al. 1996; Levine and Whalen 2001; Fenn et al. 2003 and references therein), and enrichment with N or N ϩ P often causes larger responses in phytoplankton growth than P (cf., Elser et al. 1990 ). Moreover, P limitation in unproductive lakes may be a derived character, evolved from increased N loading from the atmosphere during the last decades, as has been illustrated for Lake Tahoe (California-Nevada) (Goldman 1988; Jassby et al. 1995) .
Against this background we used monitoring data to assess the effects of N deposition on nutrient limitation and phytoplankton biomass in Swedish unproductive lakes. In Sweden, there is a clear gradient, with the highest deposition of N in the southwestern part of the country (Ͼ1,500 kg km Ϫ2 yr Ϫ1 ), and the lowest in the north (Ͻ100 kg km Ϫ2 yr Ϫ1 ), a pattern related to precipitation and distance to continental and local sources of emissions. Atmospheric deposition increased rapidly between the 1950s and the 1980s, and has since then remained at a fairly constant level. A large part of the total N deposition is in inorganic form (www.internat.environ.se). We compiled data from 3,907 Swedish unproductive lakes and compared the nutrient composition in the lakes with the atmospheric N deposition. We also evaluated biological data from 225 unproductive lakes and compared the phytoplankton biomass (chlorophyll a [Chl a]) with N deposition. The following hypotheses were tested: (1) Atmospheric N deposition has affected the N : P ratios in Swedish unproductive lakes; (2) the phytoplankton production in natural unproductive Swedish lakes, outside areas with enhanced atmospheric N deposition, is N-limited; (3) increased atmospheric N deposition has changed the growth conditions for phytoplankton so that phytoplankton production has become P-limited; (4) enhanced atmospheric N deposition has caused eutrophication of originally N-limited lakes.
Materials and methods
Lake databases-Two lake databases were used, with kind permission by the Department of Environmental Assessment Analyses, Swedish University of Agriculture Sciences, Uppsala, Sweden. The first database, the Swedish National Lake Survey (SNLS), is a national inventory of the chemical and physical conditions in Swedish lakes (Bernes 1991) . The Swedish Environmental Protection Agency (SEPA) has conducted the SNLS every fifth year since 1975. We used data from the two latest inventories (1995 and 2000) , each comprising approximately 4,000 lakes. Lakes included in the SNLS were randomly selected from four different size classes. The lakes in the largest size class (Ͼ10 km 2 ; 380 lakes) were all included in the SNLS. One thousand lakes in each of the three smaller-size classes were randomly selected and evenly distributed throughout the country. In the SNLS lakes, surface samples were taken (depths between 1 and 2 m) on one occasion during late autumn/winter (October to February). The second database is the Swedish Reference Lake Monitoring Program (SRLMP), also run by SEPA. Approximately 350 lakes are included in SRLMP. They are evenly distributed throughout the country, with somewhat higher numbers in southern Sweden. The SRLMP lakes vary in sizes between 0.03 and 30 km 2 , and the mean lake surface area per catchment area for the SRLMP lakes is 9% (Wilander 1997) . The SRLMP lakes were sampled at higher intensity, 4-8 times per year, and samples were taken at different water depths. In addition to chemical and physical data, the SRLMP also includes analyses of biological variables, such as Chl a. In this study we used data from SRLMP from the time period 1996-2001. To compensate for the somewhat higher distribution of SRLMP lakes in southern Sweden, we complemented our data set with published results from different research projects (Jansson et al. 1996 and 2000; Blomqvist et al. 2001; Karlsson 2001; Sobek et al. 2003) where sampling occasions and procedures, as well as analytical procedures, are comparable to the procedures in the SRLMP lakes. The contribution from different research projects was 37 lakes distributed as: 6 lakes in region 3, 5 lakes in region 9, 10 lakes in region 12, and 16 lakes in region 13. Lake monitoring was administered by Swedish county administration, organizing lake databases following county borders (Fig. 1) . As the size of the Swedish counties varies, small counties in southern Sweden situated close to each other were pooled into larger regions, to avoid large differences between total numbers of lakes within regions used in this study. In addition, two counties in northern Sweden were pooled into one region, region 11, to make this region comparable with regions 12 and 13, which both are geographically similar to region 11.
We checked for possible influences of differences in lake morphometry and lake water renewal times on water chemical characteristics between different regions. Data on lake area and catchment area were available for 10-30% of the lakes in each region in the Swedish Lake Register of the Swedish Meteorological and Hydrological Institute. We used these data and calculated the mean drainage ratio (DR ϭ catchment area : lake area) in each region. We found no sta- tistically significant differences in DR between regions (Table 1). To assess possible impacts of water renewal times on lake water chemistry we calculated the product between mean specific runoff (mm yr Ϫ1 ) (www.sna.se) and mean DR for each studied region as a proxy for lake water renewal time (Table 1) . We found no correlation between the proxy of lake water renewal time and mean values of Chl a, total nitrogen (Tot-N), dissolved inorganic nitrogen (DIN), and total phosphorus (Tot-P) estimated for each region (see below: Chemical status in unproductive Swedish lakes); i.e., the parameters that are used in our analyses of the effects of N deposition on nutrient limitation and phytoplankton biomass in Swedish unproductive lakes (cf., below). The correlation coefficients (r 2 ) were 0.13, 0.20, 0.10, and 0.30, respectively, and p Ͼ 0.05. The proxy of lake water renewal time was not correlated to mean conductivity (r 2 ϭ 0.14; p Ͼ 0.05), which shows that differences in lake water renewal times between regions do not to any large extent influence lake water chemistry.
Chemical status in unproductive Swedish lakes-Chemical and physical data were compiled from both lake databases. Data were gathered from late autumn and winter sampling from water depths of 1-2 m. Thus, the data represent the chemical status when phytoplankton production is low, and can be regarded to represent the potentially available pools of nutrients for phytoplankton. If a lake was included in both inventory programs, data from the latest sampling occasion was chosen; i.e., all compiled lake data represent one sampling occasion in each lake in late autumn/early winter during the time period 1995-2001. Only unproductive lakes, with Tot-P and total organic carbon (TOC) concentrations of Յ25 g L Ϫ1 and Յ25 mg L Ϫ1 , respectively, were selected from the two databases. Tot-P in such lakes generally covaries with TOC (humic content) (Meili 1992) . For each region we therefore plotted the Tot-P concentrations against the TOC concentrations to assure that increased P concentrations were related to an increasing lake humic content (cf., Meili 1992; Nürnberg and Shaw 1998). We excluded data from lakes that did not follow the Tot-P-TOC relationship to avoid lakes with unnaturally high P concentrations or TOC concentrations possibly affected by agricultural activities or sewage water. On the basis of the mentioned criteria, 200 lakes were excluded from the original database of approximately 4,100 lakes. Our data set then comprised 3,907 lakes, i.e., 4% of the total number of lakes in Sweden. We did not exclude limed lakes from our selection of lakes, as the variations in nutrient concentrations between limed and unlimed lakes were insignificant (data not shown). Thus, except for liming, the only anthropogenic influence on the selected lakes was from forestry (which is performed at similar intensity throughout the country) and from atmospheric deposition. Mean values with standard deviation of the chemical and physical data were then calculated for lakes in each of the different Swedish regions (Fig.  1) . The mean chemical and physical status of lakes in each region was then compared with the atmospheric N deposition in Sweden.
Atmospheric deposition-Wet deposition of DIN has been monitored monthly since 1983 at 25 stations distributed over all of Sweden within the national environmental surveillance program administered by SEPA (www.internat.environ.se). We used data (www.ivl.se) for the time period 1995-2001 and calculated the mean annual wet deposition of DIN for the different regions ( Fig. 1 ) used in this study. Tot-N deposition is not included in regular monitoring of atmospheric deposition in Sweden. However, we estimated Tot-N deposition from the different regions by using data on Tot-N deposition in Sweden presented by the SEPA (which is performed using the so-called MATCH model) (www.internat.environ.se). Comparison of Tot-N and DIN deposition (Table 2) showed that regional variation of organic N (Tot-N minus DIN) was very small compared to DIN variation. Similar results have been reported in a large national survey in Finland where N deposition has the same sources and similar north-south gradients as in Sweden (Anttila et al. 1995) . Therefore, we consider that DIN represents the major anthropogenic impact on atmospheric N deposition. P deposition is not included in Swedish monitoring programs. However, P deposition was reported to be low in Sweden (range between 10 and 100 kg km Ϫ2 yr Ϫ1 ) (Knulst 2001) , and the N : P ratios (weight) of the deposition is considerably higher (range between 20 and 80) than, e.g., the Redfield ratio of phytoplankton. Similarly the DIN : Tot-P ratio in bulk wet deposition in Finland varied between 20 and 100 (weight) (Anttila et al. 1995) and regional variation in P deposition was small. Therefore, the regional N : P balance should have been changed mainly by increasing DIN deposition and not by deposition of organic N and P.
Nutrient limitation-To evaluate spatial differences in nutrient limitation, linear regression analyses were performed between Chl a and Tot-P concentrations with the data from lakes for each of the different Swedish regions. Thus, with P-limited lakes, the Chl a concentrations should be positively related to Tot-P concentrations (cf., Vollenweider 1968; 
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Eutrophication of oligotrophic lakes-We used the relationship between Chl a and Tot-P concentrations (Chl a : Tot-P ratio) to indicate if increased N deposition has caused a eutrophication of naturally N-limited lakes. The analysis was performed with the same lakes as the evaluation of nutrient limitation (i.e., the data set of 225 lakes). As mentioned earlier, the atmospheric P deposition in Sweden is low (cf., Atmospheric deposition), and P deposition in Sweden does not show the same geographical pattern as the N deposition (Knulst 2001) . The choice of Chl a : Tot-P ratios as response variable to increased input of N is based on results from whole-lake experiments in northern Sweden (Jansson et al. 1996 (Jansson et al. , 2001 ) and permits the assessment of a possible eutrophication effect of N deposition independent of eventual differences in P input between lakes in different regions. Nlimited lakes should respond to increased input of N with an increase in the Chl a : Tot-P ratio. If lakes were P-limited, no increase in Chl a : Tot-P ratio could be expected as a result of increased N input. Similarly, if lakes were P-limited and received higher input of P, it should result in higher Chl a values but not a change in the Chl a : Tot-P ratio.
DIN transport in Swedish rivers-
The DIN transport in river water for 12 catchments were calculated by using data from the Department of Environmental Assessment Analyses, SLU, Uppsala, Sweden (www.ma.slu.se). Catchments were chosen from regions 1, 2, 4, and 10-13 (Fig. 1) . For each catchment, the mean annual river DIN transport was plotted against the mean annual wet DIN deposition (calculated mean values for the time period 1995-2001). Table  2 . The mean lake pH was very similar between regions, as well as the mean TOC concentration, with the exception of lakes situated in region 13. The mean conductivity was lower in lakes situated in the northern parts of Sweden. This is a reflection of variations in climate (i.e., lower air temperatures and weathering capacities in the north in comparison to the south) (Raab and Vedin 1995) , variation in bedrock and soil characteristics (Fredén 1994) , and variation in precipitation and atmospheric inputs of ions (Raab and Vedin 1995) .
Results

Chemical status in unproductive Swedish lakes-The chemical status (mean concentration with standard deviation) of lakes in different Swedish regions is presented in
Mean ammonia (NH 4 -N) and mean nitrite plus nitrate (NO 2 -N ϩ NO 3 -N) concentrations increased from the northern part of Sweden to the southwestern parts. Hence, the DIN concentrations increased from 17 g L Ϫ1 in region 13 to 330 g L Ϫ1 in region 1 ( Table 2 ). The pattern of increasing Effects of atmospheric nitrogen on lakes log Chl a ϭ (1.19 log Tot-P) Ϫ 0.46 log Chl a ϭ (0.81 log Tot-P) Ϫ 0.14 log Chl a ϭ (1.12 log Tot-P) Ϫ 0.42 log Chl a ϭ (1.21 log Tot-P) Ϫ 0.68 log Chl a ϭ (1.15 log Tot-P) Ϫ 0.63 (270) 7500 (150) 490 (140) 400 (100) 882 (229) 952 (260) 872 (164) 631 (80) 477 ( (100) 130 (90) 814 (213) 723 (157) 521 (170) 0.3(0.1) 0.3(0.2) 0.2(0.1) DIN concentrations in lakes in the north-to-south gradient matches the spatial pattern of the total N deposition, and the mean wet DIN deposition in Sweden (Table 2 ) (linear regression (n ϭ 13); DIN (g L Ϫ1 ) ϭ 0.34 wet DIN (N, kg km Ϫ2 yr Ϫ1 ) Ϫ 50.93; r 2 ϭ 0.85, SD ϭ 38.6; p ϭ Ͻ 0.001). Thus, lakes with high DIN concentrations were those in regions receiving high atmospheric N inputs. In addition, the standard deviation, especially for DIN, decreased from the southern parts to the north, indicating that differences in DIN concentrations among lakes were higher in areas of higher N deposition (Table 2) .
The mean Tot-N concentration also showed an increasing trend from the northern parts of the country to the south. This trend was due to variation of DIN since organic N (Tot-N minus DIN) varies little between regions (see Table 2 ). Tot-P concentrations expressed only small and irregular variations between regions (Table 2) . Consequently, the DIN : Tot-P ratios were considerably lower in the northern parts than in the southwestern parts of Sweden and increased from 4 in region 13 to 36 in region 1 (Table 2) .
Nutrient limitation-Mean
Chl a concentrations were higher in the southern parts of Sweden in comparison with the north (Table 2) . A significant positive relationship between Chl a and Tot-P was found for all Swedish regions, except for regions 12 and 13 (Table 3) , which have the lowest atmospheric N deposition ( Table 2 ). The correlation coefficient (r 2 ), when excluding regions 12 and 13, ranged between 0.56 and 0.95.
Eutrophication of oligotrophic lakes-The mean Chl a :
Tot-P ratios increased more than three times from low N deposition areas in region 13 (0.173) to high N deposition areas in region 1 (0.574) (Fig. 2) (regression: n ϭ 13; r 2 ϭ 0.69; SD ϭ 0.2; p ϭ Ͻ 0.001), indicating that N deposition and increased input of DIN (Table 2 ) have contributed to eutrophication ( Table 4 ). The standard deviations for Chl a : Tot-P ratios and DIN deposition were larger (Fig. 2) for the regions situated in the south (Table 4) . DIN transport in Swedish rivers-DIN transport in rivers was lower than atmospheric DIN input (Fig. 3) , which shows that a large part of the DIN deposition is trapped or transformed to dissolved organic nitrogen in the terrestrial system. The DIN transport was similar in catchments with DIN deposition Ͻ1,000 kg km Ϫ2 yr Ϫ1 but increased considerably in catchments with higher deposition. Therefore, in the northernmost rivers, river transport represented only 6% of the atmospheric DIN input, whereas this number increased to 25-33% on the Swedish southwest coast.
Discussion
There was an almost 20-fold increase in lake DIN concentrations from the northern parts of the country to the Swedish southwest coast that was related to the pattern of atmospheric DIN input (Table 2) . A similar pattern was found for river transport of DIN (Fig. 3) . The relationship between river transport of DIN and DIN deposition was not linear and indicates, similar to previously reported results by Dise and Wright (1995) and Moldan et al. (1995) , that a larger share of atmospheric N deposition is leached to freshwater at deposition levels greater than 1,000 kg km Ϫ2 yr
Ϫ1
than at lower deposition values. In Sweden these levels are only exceeded in the southernmost part, regions 1-4 (Table  2 and Fig. 1 ). This geographical variation in soil retention/ leaching in Sweden has also been stressed by Binkley and Högberg (1997) . We therefore conclude that atmospheric deposition of N in excess of natural levels since the middle of the 20th century has caused an increased input of N to streams and lakes in large parts of Sweden. Increased input is due both to direct deposition on the lake surface and increased terrestrial export from catchments receiving high deposition. Excess N-loading to lakes has been particularly pronounced in high-deposition areas in southern Sweden. The effect of increased N input to lakes on the nutrient balance is obvious. Tot-N concentrations during autumn/ winter were considerably higher in high-deposition areas, which is almost entirely a result of high DIN concentrations (Table 2) . Tot-P concentrations showed some variations between different regions but with no geographical pattern, which clearly indicates that P input was not affected by atmospheric deposition. Consequently, the atmospheric N deposition was reflected in higher DIN : Tot-P ratios and to some extent in higher Tot-N : Tot-P ratios. The inorganic nutrient concentration during winter is little affected by uptake for biological production and can be seen as a measure of the potential nutrient availability for summer phytoplankton production.
To assess possible effects of altered nutrient balance on nutrient limitation of phytoplankton during summer we examined the relationship between Tot-P and Chl a in lakes within each region (Table 3 ). This relationship indicated that lakes were P-limited from the southern parts (region 1) up to the northern central parts of Sweden (region 11). For lakes in the northern parts (regions 12 and 13), variations in Chl a concentrations were not related to Tot-P concentrations, indicating that some other substance than P limited the growth of phytoplankton. Experiments and field studies on nutrient limitation in Sweden have shown that unproductive lakes situated in regions 12 and 13 are N-limited rather than P-limited during summer (Jansson et al. 1996 and 2000; Karlsson 2001 ). Moreover, nutrient enrichment experiments from different parts of Sweden show a switch from P limitation in the southwestern parts of Sweden (regions 2 and 7) (Jansson et al. 1986; Blomqvist et al. 1993) over N ϩ P limitation in central-eastern parts of Sweden (regions 8 and 10) (Blomqvist et al. 1993 (Blomqvist et al. , 1995 , to N limitation in northern parts of Sweden (regions 12 and 13) (Jansson et al. 1996 and 2000; Karlsson 2001 ). We therefore interpret the nonexisting correlation between Chl a and Tot-P in the northern parts of Sweden to be a consequence of N limitation.
Our data also offer support for the picture, which evolves from the nutrient enrichment experiments referred to above, of a transition from N limitation via N ϩ P limitation to P limitation in a north-south gradient. Thus, we obtained a significant relationship between Chl a and Tot-P in all regions except the two most northern ones (regions 12 and 13), which can be expected if phytoplankton in regions 1-11 are limited by P or N ϩ P. When we plotted Chl a : Tot-P ratios for different regions against N deposition (Fig. 2) we observed an increase in this ratio with increasing N deposition, i.e., an increase in the use of P for buildup of phytoplankton biomass, which was proportional to N supply. This pattern probably reflects a gradual shift from clear N limitation to clear P limitation. We suggest that phytoplankton in unproductive Swedish lakes are limited mainly by N in areas little affected by deposition of DIN from the atmosphere, and that DIN deposition causes a shift from N limitation in areas with low deposition in the north to P limitation in areas with high deposition in the south.
Our result supports the suggestion of Goldman (1988) that P limitation in unproductive lakes can be a derived character induced by atmospheric N deposition. Similarly, N limitation has been recognized to be rather common among unproductive North American lakes (cf., Elser et al. 1990) , especially in areas with low N deposition, e.g., Alaska (Levine and Whalen 2001) , northern Minnesota (Axler et al. 1993) Nydick et al. 2003) . Thus, N limitation can be a more common feature in unproductive natural lakes than earlier believed.
If N-limited lakes receive an increased input of inorganic nitrogen, this input should increase the phytoplankton production and the phytoplankton biomass (cause eutrophication). Lakes in high N-deposition areas in our study had clearly higher biomass of phytoplankton (expressed as Chl a) relative to the Tot-P concentrations in comparison with lakes situated in low-deposition areas (Fig. 2) , which indicates eutrophication caused by elevated N inputs. The Chl a : Tot-P ratios increased almost three times from region 13 to region 1 (Table 4) . The relationship in Fig. 2 does probably not reflect a linear relationship. A linear correlation could be expected only if lakes in all regions in Fig. 2 were N-limited. Since clear N limitation is at hand only in the regions with the lowest N deposition (see discussion above) we interpret the relationship in Fig. 2 so that increased N deposition has a clear gradual eutrophication effect in the deposition interval below 500 kg km Ϫ2 yr Ϫ1 and that phytoplankton have become more or less saturated with N in areas with higher deposition. It is also obvious that nonlinear regression better explains the correlation in Fig. 2 (Fig. 2) were most likely hindered by low P availability (Table 3) . Naturally low P concentrations, therefore, set the limits for eutrophication caused by atmospheric DIN input and lead to accumulation of excess amounts of DIN in lakes (Table 2) .
We conclude that our results agree well with our hypotheses, i.e., that increased N deposition has caused a higher input of DIN to unproductive lakes in Sweden, and that high N input is reflected by increased lake concentrations of DIN, and a shift from natural N limitation of phytoplankton to P limitation. Increased N input has also caused a eutrophication with higher phytoplankton biomass as the result.
